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Interaction of plasmas with intense lasers

William L. Kruer

Naval Postgraduate School, Monterey, CA 93943 and

Lawrence Livermore National Laboratory, Livermore, CA 94550

The interaction of plasmas with intense lasers is an excellent example of how
different fields of physics are inter-connected. Invention of the laser and its
ongoing development has allowed the creation and study of high temperature,
dense matter in the laboratory. The results both advance the underlying plasma
science and are relevant to many fields ranging from astrophysics to fusion and
nonlinear physics. A brief overview of the interaction physics is given. Selected
topics are discussed to illustrate the exciting progress ih experimental, theoretical

and computational investigations with focussed laser intensities up to 10*

W/cm?.



L INTRODUCTION

Invention of the laser is an excellent example of how the different
subfields of physics are inter-connected. High power lasers have become a
powerful tool for the creation and study of high temperature matter in the
laboratory. These studies have both increased our understanding of the physics
of ionized media and have numerous applications ranging from astrophysics to
fusion science.

Over the last 25 years, there has beer. a very impressive development' of
high power glass lasers in the inertial fusion program. The laser power has
increased from a fraction of a terrawatt to a petawatt, the energy from a few
joules to soon about two megajoules. This progress is illustrated in Fig. 1, which
shows glass lasers developed at the Lawrence Livermore National Laboratory. In
1974, the Janus laser delivered about 10 joules of 1.06um light in a pulse of about
100 ps. The technology rapidly advanced over the years to the Nova laser which
provides about 30 k] of 0.35 um light in nanosecond pulses. Using chirped pulse
amplification, one beamline of Nova has been used to produce a petawatt short
pulse (<1 ps) of 1.06 pm light. Nova will soon be decommissioned as
construction of the National Ignition Facility (NIF) proceeds. NIF will provide
nearly 2 MJ of 0.35 um light in pulse lengths of order 10 ns. Other high power
glass lasers exist at the University of Rochester, Los Alamos National Laboratory,
and throughout the world. A KrF gas laser delivering 0.26 pm light is now
operative at the Naval Research Laboratory.

The focus here will be on the interaction of intense lasers with ionized
matter, which is a fundamental topic of interest to many areas of science ranging

from astrophysics to fusion. The interaction physics is a rich test bed for many



basic processes in plasmas. A brief discussion will be given of important linear
and nonlinear optical processes, some of which involve plasma waves and
instabilities. Progress will be illustrated by a consideration of three recent
examples of the nonlinear interaction physics. These examples are chosen to
represent science with small lasers, with large lasers, and with ultra-intense
lasers. The irradiation of matter with intense laser light also provides a
laboratory for the study of many applications, including inertial fusion,
astrophysical phenomena , and many topics in high energy density physics. A
very short discussion of some applications will be given. Fortunately, these and
other applications such as laser plasma accelerators will be discussed in depth in

other papers in this Centennial issue.

II. INTERACTION PHYSICS

Laser plasma interactions are extremely rich and challenging. The
coupling processes® span the gamut from classical inverse bremssthralung to
many nonlinear optical processes, such as stimulated Raman and Brillouin
scattering and filamentation. Inverse bremssthralung simply represents
collisional absorption as the coherent motion of the electrons in the laser electric
field is converted to random thermal motion when the electrons are scattered by

the ions. In other words,
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where v is the damping rate, E, the electric field of the light wave, v, the
oscillation velocity of electrons in this field, and v,; is an electron-ion collision

frequency. Stimulated Raman and Brillouin scattering (SRS and SBS) can be most



simply described as the resonant decay of the incident laser light into a scattered

light wave plus either a high frequency electron plasma wave or a low frequency

sound wave; i.e.,

o, >0, +0, SRS

w, >0, +0, SBS @)
where @, (0,) is the frequency of the laser (scattered)light, ,, is the electron
plasma frequency, and ; the ion sound frequency. Note that we are considering’
the simplest case of a plasma with no imposed or self-generated magnetic fields.

Filamentation represents a nonresonant process in which a region of
enhanced laser intensity pushes plasma aside, creating a density depression.
Light is refracted into the depression, further enhancing the intensity. The
resulting instability can lead to break-up of the incident beam into intense
filaments. Note that the density depression can be created either directly by the
light pressure or indirectly by the plasma pressure due to enhanced heating. For
ultra-intense light, the momentum of electrons oscillating in the laser field (p,)
can greatly exceed mc, which is the rest mass times the velocity of light. Many
relativistic phenomena are then accessed, such as electron heating via the
oscillating component of the ponderomotive force and filamentation via
relativistic effects.

Virtually all these processes have now been identified and studied in
experiments.” Many important trends and nonlinear consequences predicted by
theory and computer simulation have been confirmed in experiments. One very
important nonlinear consequence is the generation of suprathermal electrons via
nonlinear optical processes involving electron plasma waves. Important scalings

of the nonlinear optical processes have also been established. As predicted, these



processes are more potent in longer scale length plasmas but can be reduced with
the use of shorter wavelength light and with the addition of laser beam
incoherence. The nonlinear consequences and trends play a vital role in
applications. For example, in inertial fusion one needs to minimize the nonlinear
optical processes which can lead to capsule preheat, reduced absorption, or
inadequate implosion symmetry. The interaction physics then determines the
acceptable laser wavelength (< 0.35 um), the beam smoothing characteristics, and
various constraints on the acceptable intensity anci plasma conditions in the
target designs. Of course, in other applications, one may aim to exploit nonlinear

processes, such as in laser plasma accelerators.

M. STIMULATED RAMAN SCATTERING

Stimulated Raman Scattering is an excellent example of an important
nonlinear optical process. Since the scattered light is downshifted by the electron
plasma frequency, this process is easily identified via the spectrum of the
scattered light. A representative scattered intensity versus wavelength measured
in experiments with 0.35 pm laser light* is shown in Fig. 2. Since the electron
plasma frequency is a function of plasma density, the spectrum allows one to
deduce the plasma density at which the SRS is occurring (about 0.1-0.15 n, in
this example).

The generation of high energy electrons is a very important nonlinear
consequence of SRS. In this nonlinear optical process, part of the energy of the
incident laser light is transferred into an electron plasma wave. In the nonlinear
state, this plasma wave energy is damped into a tail of energetic electrons. The

predicted correlation of hot electron generation with SRS has in fact been



confirmed in numerous experiments’ in which Au disk targets were irradiated
with 0.53 pm light with intensity > 10® W/cm?. Figure 3 shows the fraction of the
laser energy in hot electrons (as inferred from the concomitant hard x-rays)
versus the measured fraction of the energy in Raman-scattered light. Note the
excellent correlation which agrees with the expected partitioning of energy
between the plasma wave and the scattered light wave.

The stimulated Raman reflectivity has been found to increase with plasma
scale length, which is a key predicted trend. Figure 4 shows the measured peak
Raman reflectivity versus the estimated density scale length.** In these
experiments, the laser wavelength was < 0.53 pm, and the nominal intensity was
>10"™ W/cm? In the early experiments with disk targets, the scale length of the
underdense plasma was rather small (~100 Ay, where A, is the laser wavelength)
since the relevant intensity was achieved with a small focal spot. As lasers
became more energetic, larger plasmas were created, both by using longer pulses
and larger focal spots and by using thin foil targets which exploded and became
transparent to the laser light. Using these latter targets, density scale lengths
comparable to those expected in future inertial fusion reactor targets (> 10* A,)
were achieved. Note that the peak Raman reflectivity indeed increased to a level
21/3, which is near the maximum possible value if collisional absorption of the
scattered light is taken into account.

Fortunately for inertial fusion, unsmoothed laser beams were used in these
experiments. The Raman and Brillouin reflectivities of 0.35mm laser light from
standard size gas-filled hohiraums have been found to be significantly reduced’
with the addition of temporal and spatial incoherence. In these Nova hohlraum

experiments, the ten laser beams were smoothed either with a kinoform phase



plate or with a phase plate plus smoothing by spectral dispersion using a
bandwidth of 2.2 A. Figure 5 shows the reduction of the time-integrated
reflectivities of a shaped pulse as the laser beam smoothing is increased. Work to
improve the understanding of the scaling of SRS and SBS to larger ignition-scale
plasmas and to uncover additional control mechanisms is ongoing. Direct drive
targets remain an important option since the plasma then has a smaller scale

length at ignition scale.

IV. RECENT EXAMPLES OF NONLINEAR INTERACTION PHYSICS

In the 1990’s, experiments with both well-characterized plasma conditions
and with well-defined laser beam statistics have become more common.
Successful predictions are increasing. Recent examples include the suppression
of filamentation by laser beam smoothing, laser beam spraying by filamentation,
nonlinear laser beam bending in flowing plasmas, a dependence of the Raman
reflectivity on ion wave damping, MeV electron generation by ultra-intense laser
light, and significant energy transfer between crossing laser beams. Other
examples could also be cited. Three of these examples will be discussed in more
detail-examples chosen to represent experiments with small lasers, with large

lasers, and with ultra-intense lasers.

A. Experiments with small lasers
Experiments with small lasers are extremely valuable for elucidating
the underlying science. Since small lasers are relatively inexpensive to construct

and operate, they can more readily explore parameter space with detailed



diagnostics and with good statistics. Recent experiments on nonlinear beam
bending serve as an excellent example of contributions in this area.

Nonlinear beam bending was first predicted® as a consequence of
filamentation in a plasma with flow transverse to the beam. The flow breaks the
symmetry, and the most unstable filaments then occur at an angle. The effect
maximizes when the transverse flow is sonic, since the plasma is then resonantly
perturbed. This effect was proposed’ to explain an enhanced laser beam
deflection recently observed in experiments with hohlraums', a deflection
investigated in more detail in Nova experiments with underdense foils." Such a
nonlinear beam bending can be very important for x-ray driven implosions, since
the location of the laser energy deposition affects the symmetry of the x-ray drive
on the capsule.

The basic physics of the nonlinear beam deflection was isolated and
characterized in recent dedicated experiments'” using the Janus facility. In these
experiments the plasma was preformed by irradiating a thin disk with a 0.53 um
laser beam. The temperature, density and flow profiles of this plasma were then
measured via interferometry and Thomson scattering. Finally a 1.06 um
interaction beam with a well-characterized intensity profile was propagated
through the plasma at an angle to the plasma flow. These experiments were
motivated by the predictions of a simple model® which treated the deflection as
refraction in a nonlinearly-steepened density profile. The model emphasized that
the enhanced deflection can even occur in the absence of filamentation (which of
course would enhance the bending) and provided a prediction for the deflection

angle as a function of plasma and laser parameters. In particular,
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where 1, is the velocity gradient length, r, the radius describing the intensity

structure, n the plasma density where the transverse flow is sonic, n,, the critical
density, v, the electron oscillatory velocity, and v, the electron thermal velocity.

The beam deflection was directly observed via interferometric
measurements of the density channel made by the beam. The beam was focussed
with a cylindrical lens to facilitate these measurements. Interferograms are
shown in Fig. 6 for two different intensities. The interaction beam, incident along
the white arrow in each case, indeed deflects at a relatively low density where
the measured transverse flow is near sonic. The channel formed by the deflected
beam is apparent and denoted by the second arrow. For the upper higher
intensity case, the observed deflection is about 10 degrees in agreement with the
early predictions for this intensity. In addition, the deflection is clearly intensity-
dependent as shown by the results in the second interferogram. It is very
noteworthy that these experiments show deflection independent of
filamentation, which is found to occur at another, significantly higher density in
these experiments. Finally these well-diagnosed experiments have provided a
detailed test bed for a three-dimensional wave propagation code (F3D)." Using
the measured plasma and laser conditions, the calculations are in good

agreement.



B. Experiments with large lasers R

Sometimes large lasers are necessary in order to access plasma and
irradiation conditions closer to future applications. For example, for inertial
fusion, hohlraums for the National Ignition Facility will be filled with plasma
with density near 0.1 n,, electron temperature > 4 keV, and density scale length >
3-5 mm. Since ignition targets are quite sensitive to nonlinear optical processes
which affect symmetry, preheat, and shock timing, and since such processes have
consistently been more difficult to control as the plasma size increases, it is
clearly important to investigate the interactions in as large a plasma as possible.
For this, experiments with large lasers are needed.

Recent investigations of the nonlinear behavior of SRS are an excellent
example of interaction experiments with a large laser. In these experiments®
large gas-filled hohlraums were irradiated with 0.35 mm light using the Nova
laser. A large plasma was created with density near 0.1 n,, electron temperature
about 3 keV, and plasma scale length about 2 mm. The ion wave damping of this
plasma was varied by using different mixtures of gas. The Raman reflectivity of
an interaction beam smoothed by a random phase plate and focused to an
intensity > 2x10" W /cm?* was measured as a function of the ion wave damping.
As shown in Fig. 7, the reflectivity varies with the ion wave damping, an effect
independently found in Nova experiments' using gas-bag targets. This clearly
demonstrates nonlinear saturation since the linear gain of SRS has no
dependence on ion waves.

A nonlinear regime'”"® in which the Raman reflectivity depends on ion
wave damping had been predicted. In this case, the Raman-generated piasma

wave becomes large enough to itself decay into another electron plasma wave



and an ion sound wave. This process is termed the Langmuir decay instability

and can be represented as

@, =0, +0, 4)
where ,; and ®,, are frequencies of electron plasma waves and @, is the ion
sound frequency. The simplest assumption is that this secondary decay very
efficiently drains energy from the Raman-driven plasma wave, clamping its
amplitude dn near the threshold of the secondary instability. The amplitude of

the plasma wave at threshold would then be

o)’ :
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where dn is the fluctuating density, n the plasma density, k the plasma wave
number, A, the electron Debye length, and ¥, (7,) the ion wave (plasma wave)
damping coefficient. Since the Raman relectivity is proportional to (n)?, this
reflectivity would then vary with ¥, Detailed calculations™ using coupled rate
equations indeed show such a dependence on the ion wave damping.

Finally our understanding of the nonlinear regimes continues to evolve.
Simulations” of the saturation process have recently been carried out using a
two-dimensional code solving the Zakharov equations to describe the plasma
waves. These results indicate a need to invoke modified electron velocity
distributions for the specific plasma conditions in the Nova experiments. Such a
modification due to heating and electron heat transport have recently been
proposed.” It should also be noted that there is another secondary instability
which represents decay of a plasma wave into a light wave plus an ion sound

wave.



C. Experiments with ultra-intense lasers J—
The last example addresses ultra-intense laser plasma interactions.
With chirped pulse amplification”, one can put a significant energy into short (<
1ps) laser pulses. These pulses have already been focussed to intensities up to

10" W/cm?. At such an intensity, the electron motion is highly relativistic. In

particular,

2
I
Pys ~ o = (6)
m,c ) 1.4x10

where I is the intensity and A, the laser wavelength in microns. Note that for 1.06

pm light with an intensity of 10° W/cm?, p,,/ mc~30. Likewise the light pressure

is impressive: i.e.,

53330(#)Mbar @)
At 10" W/cam?, the light pressure exceeds 300 gigabars.

Computer simulations using a particle-in-cell code were used to provide
an early glimpse into this ultra-intense regime. As a simple example, consider a
two-dimensional” simulation of a focussed light beam with intensity I\um?=10%
W-um?/cm? incident onto an overdense plasma. Over a third of the light was
found to be absorbed into very energetic electrons. As shown by Fig. 8a, these
electrons had an effective temperature of about 1 MeV, even at this intensity. As
shown in Fig. 8b, the light pressure punched a hole in the plasma, causing it to
recede at a significant fraction of the velocity of light. Both these effects have now

been observed. It should be noted that the simulations also show self-generated

magnetic fields with an amplitude up to 10° Gauss (for I\um?*=10* W-pum?/cm?).



Significant absorption of short, ultra-intense pulses into very energetic
electrons has been demonstrated via measurements of K, emission. In the
experiments”, a layered target was irradiated with 0.5ps pulses of 1.06 um light
focused to an intensity of about 10 W/cm?. Figure 9 shows the measured
intensity of the K, emission created by the electrons ina Molybdenum layer as a
function of the thickness of a front layer of CH. When this data is fitted to code
calculations including the electron transport and Ka excitation, an absorption of
about 30% into electrons with an average energy between 330 and 600 keV is

found.

D. Exciting challenges and promising developments
The interaction physics is clearly a very rich test bed for basic

processes in ionized media. Much has been learned, and many exciting
challenges remain. Quantitative calculations of nonlinear behavior remain the
greatest challenge. These calculations are particularly difficult since important
phenomena occur on very disparate space and time scales. For example, in
inertial fusion applications, the time scales range from sub-femtosecond to
nanoseconds, the space scales from sub-microns to centimeters. In addition,
there’s an intriguing interplay among different nonlinear processes. Fortunately,
ongoing impressive advances in both plasma diagnostics and in computational
capabilities bode well for the future.

Some recent experiments™ in which gas bag targets were irradiated with
0.35 um light using the Nova laser illustrate the rich nonlinear behavior. A range
of plasma conditions was accessed. The electron temperature was about 3 keV,

the plasma density varied from 0.06 to 0.15 n,,, the ion wave damping from about



0.01 to 0.15 of the ion sound frequency. The laser intensity was about 2x10"
W/cm?. As shown in Fig. 10, a striking anticorrelation between the stimulated
Raman and Brillouin reflectivities was found. Such fascinating behavior is only
partly understood.

Ongoing advances in diagnostics make laser plasmas an even better test
bed for nonlinear processes. The increasing sophistication of the diagnostics is
illustrated” in Fig. 11. In this example of a laser beam irradiating a preformed
plasma, Thomson scattering is used to measure in space and time the amplitudes
of both the ion sound wave due to SBS and the electron plasma wave due to SRS.
Such remarkably detailed information both quantifies the complex coupled
behavior of the plasma waves and allows detailed comparisons with theory and
simulation.

Fortunately, rapid advances in computer models and computer power are
also ongoing. A variety of three-dimensional codes that run on parallel machines
have been recently developed. These include fully relativistic particle-in-cell

‘codes®, fluid electron, particle ion codes”, as well as wave propagation codes™?,
some including models for stimulated scattering. Codes for nonlocal heat
transport and modified velocity distributions” and codes for the coupled
Zakharov-quasilinear diffusion equations” are also now operative. Computer
power continue to grow. In the last 20 years, the number of floating point
operations per second has increased by a factor of about 10*. A further increase of
nearly two orders of magnitude is projected for the next 5 years, fueled by the
Accelerated Scientific Computing Initiative. These advances will enable

simulations on more realistic time and space scales.



V.  Applications and summary

The interaction of intense lasers with matter spawns many applications.,
Very large ablation pressures can be created either by directly illuminating a
target with laser light or by converting the light to x-rays which are used to heat
and ablate the matter. In inertial fusion® ¥, these large ablation pressures are
used to implode a capsule filled with DT. The implosion is hydrodynamically
unstable, since one is in effect accelerating dense matter with a hot, tenuous
plasma. The implosion must be rapid enough to avoid excessive growth of these
hydrodynamic instabilities. This constraint places a lower limit on the ablation
pressure and hence on the laser intensity. In turn, the interaction physics
constrains the laser intensity from being too high in order to minimize stimulated
scattering and other deleterious effects. Understanding how to optimally balance
these constraints is the key to successful inertial fusion using lasers.

Impressive progress continues to be made in inertial fusion. The growth of
hydrodynamic instabilities has been studied in numerous experiments, and
excellent agreement with the modeling has been demonstrated.” In recent
experiments with indirect drive using the Omega-upgrade laser at the University
of Rochester, capsules with aspect ratios up to about 20 have been successfully
imploded to give yields in good agreement with calculations.* With the National
Ignition Facility, larger capsules with higher aspect ratios will be tested. NIF will
provide a definitive test of inertial fusion.

Laser irradiation of matter allows many other applications. Various
astrophysical phenomena can be investigated in the laboratory. For example,
turbulent hydrodynamics can play a role in super-Novae explosions, an effect

now being studied in scaled experiments® using lasers. Laser experiments also



-

allow investigation of many topics in high energy density physics. For example,
the equation of state of Deuterium at high pressure has been measured. A
significant modification of the equation of state due to molecular dissociation
‘was found.®

Finally, there are applications which exploit the creation of intense plasma
fields and energetic particles. The possibility of a laser plasma accelerator” is an
exciting advanced application, which is leading to new understanding of many
fundamental processes, such as optical guiding of laser pulses and electron
acceleration in plasma waves. Other novel applications include the creation of
high energy x-ray sources™ and study of nuclear physics phenomena® using

ultra-intense laser light.
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Figure 1.

Figure 2.
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Figure 6.

Figure 7.
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Figure 9.

Figure 10.

Figure 11.

A collage showing high power glass lasers developed in the inertial
fusion program at the Lawrence Livermore National Laboratory.!

A representative measurement of the intensity of Raman scattered
light versus wavelength.*

The fraction of the laser energy into high energy electrons as inferred
from hard X-rays versus the fraction of the energy into Raman-
scattered light.

The largest measured time-integrated Raman reflectivity versus
density scale length in units of the laser wavelength. The targets were
either disks or foils irradiated with either .53mm or .35mm light as
indicated.*®

Dependence on laser beam smoothing of the time-integrated Raman
and Brillouin refectivities measured in CH-filled, Nova hohlraums
irradiated with a shaped pulse on the laser beam smoothing.” The
laser beams were focused with /4 optics and were unsmoothed (no
KPP), smoothed with a phase plate (KPP), or smoothed with both a
phase plate and SSD, as indicated.

Interferograms that show the channel formed by the interaction
beam for peak intensities of either 1.5x10"” W/cm? (upper) or 1x10%
W/cm? (lower).?

The time-integrated reflectivity measured from large toroidal gas-
filled hohlraums versus the ion wave damping.”” In these
experiments, the Nova laser beams were focused with an f/4
lens,and the interaction beam was smoothed with a random phase
plate.

A spectrum of the energy distributions of the heated electrons (left)
and a snapshot of the positions of the plasma electrons, showing the
surface deformation (left).?

Intensity of the measured Ka emission as a function of the thickness
of the front layer in g/cm?2.23.

The peak Brillouin reflectivity versus the Raman reflectivity at this
time as measured in numerous experiments in which gas bag targets
are irradiated with the Nova laser.”

A schematic showing measurements in space and time of the ion
sound waves and electron plasma waves in a laser-irradiated
preformed plasma.”



Figure 12. A photograph showing the National Ingnition Facility as of January
17,1999.
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